ABSTRACT: Nutrition during the juvenile period has a major impact on timing reproductive maturity in heifers. Restricted growth delays puberty, whereas elevated BW gain advances the onset of puberty. The initiation of high-frequency episodic release of GnRH and, consequently, LH during the peripubertal period is crucial for maturation of the reproductive axis and establishment of normal estrous cycles. Nutritional signals are perceived by metabolic-sensing cells in the hypothalamus, which interact with estradiol-receptive neurons to regulate the secretory activity of GnRH neurons. The orexigenic peptide, neuropeptide Y (NPY), and the anorexigenic peptide derived from the proopiomelanocortin (POMC) gene, melanocyte-stimulating hormone α (αMSH), are believed to be major afferent pathways that transmit inhibitory (NPY) and excitatory (αMSH) inputs to GnRH neurons. The neuropeptide kisspeptin is considered a major stimulator of GnRH secretion and has been shown to mediate estradiol's effect on GnRH neuronal activity. Kisspeptin may also integrate the neuronal pathways mediating the metabolic and gonadal steroid hormone control of gonadotropin secretion. Recent studies in our laboratories indicate that functional and structural changes in the pathways involving NPY, POMC, and kisspeptin neurons occur in response to high rates of BW gain during the juvenile period in heifers. Changes include regulation of expression in NPY, POMC, and KISS1 and plasticity in the neuronal projections to GnRH neurons and within the neuronal network comprising these cells. Moreover, an intricate pattern of differential gene expression in the arcuate nucleus of the hypothalamus occurs in response to feeding high concentrate diets that promote elevated BW gain. Genes involved include those controlling feeding intake and cell metabolism, neuronal growth and remodeling, and synaptic transmission. Characterizing the cellular pathways and molecular networks involved in the mechanisms that control the timing of pubertal onset will assist in improving existing strategies and facilitate the development of novel approaches to program puberty in heifers. These include the use of diets that elevate BW gain during strategic periods of prepubertal development.
INTRODUCTION
The lifetime productivity of beef cows is influenced by their ability to reach reproductive maturity, conceive, sustain pregnancy, and calve for the first time by approximately 24 mo of age (Lesmeister et al., 1973) . Therefore, improved strategies and novel approaches to maximize replacement heifer development to optimally time the onset of puberty can have a significant impact in cattle production systems. A major constraint in events leading to maturation of the reproductive neuroendocrine axis is the initiation of high-frequency release of GnRH and consequently LH (Day et al., 1984) . The requisite increase in pulsatile LH release is believed to occur when changes in the net output of excitatory signals that control GnRH secretion exceed inhibitory inputs. Developmental alterations in the sensitivity to estradiol negative feedback and the permissive effects of molecules signaling nutrient sufficiency are involved in this process. The integration of these signals occurs through metabolic-and estradiol-sensing pathways in the hypothalamus. Neuropeptide Y (NPY), proopiomelanocortin (POMC), and kisspeptin neurons are critical components of the neuronal network that control the pulsatile release of GnRH. In heifers, increased rates of BW gain during the juvenile period can advance puberty (Gasser et al., 2006a,b,c,d; Cardoso et al., 2014) , and functional changes in the NPY and POMC neuronal pathways appear to contribute to the process (Allen et al., 2012) . In this paper, we present an overview of the neuroendocrine control of pubertal development in females, with emphasis on ruminants. Recent research conducted in our laboratories investigating the involvement of key hypothalamic neuropeptides in the mechanisms through which nutrition advances pubertal onset in heifers and potential strategies for nutritionally programming puberty are discussed.
PHYSIOLOGICAL MECHANISMS UNDERLYING REPRODUCTIvE MATURATION IN HEIfERS
Puberty in heifers can be defined as the first ovulation followed by an estrous cycle of normal duration (Kinder et al., 1987) . However, maturation of the reproductive axis in heifers involves a transitional period that includes a gradual rise in the episodic release of LH (Gonzalez-Padilla et al., 1975) . Increased stimulation of the ovaries by gonadotropins supports enhanced steroidogenesis in growing follicles leading to elevated circulating concentrations of estradiol, which, in turn, stimulates a surge release of LH that causes ovulation. Peripubertal ovulations are often followed by 1 to 3 limited increases in circulating concentrations of progesterone (short luteal phases; Gonzalez-Padilla et al., 1975; Berardinelli et al., 1979) . Full expression of estrous behavior and high fertility is usually achieved only after the second or third ovulation and complete maturation of the reproductive tract (Byerley et al., 1987) .
Neuroendocrine Control of LH Secretion during Pubertal Development
The development of a high-frequency pattern of LH release is a critical neuroendocrine event leading to the onset of puberty in females. It begins approximately 2 mo before first ovulation in heifers (Day et al., 1986a) and, based on studies in sheep, it occurs in response to an increase in the episodic release of GnRH (I'Anson et al., 2000) . The physiological mechanisms involved in the regulation of GnRH secretion include signaling from gonadal and metabolic hormones as well as factors secreted locally within the hypothalamus that modulate neuronal and glial cell function (reviewed by Prevot et al., 2010) .
During most of the juvenile period, the episodic release of LH is maintained at a low frequency, due mainly to the inhibitory effects of estradiol. Ovariectomy in prepubertal heifers (Day et al., 1984) leads to an increase in the frequency of LH release. Replacement with estradiol maintains the low frequency of LH release, similar to intact, prepubertal females. The escape from enhanced sensitivity to estradiol negative feedback is a critical event for pubertal progression. Mechanisms by which estradiol exerts its inhibitory effects are unclear but may involve estradiol actions through both genomic and nongenomic pathways via nuclear and membrane estrogen receptors (Stormshak and Bishop, 2008) . However, studies using knockout mice have indicated that the estrogen receptor-α (ESR1) is the primary mediator of estradiol signaling in the control of episodic gonadotropin release (Dorling et al., 2003) . Because, at least in sheep, GnRH neurons do not contain ESR1 (Lehman and Karsch, 1993) , estradiol negative feedback is believed to be mediated by estradiolsensitive afferent pathways to GnRH neurons. Kisspeptin neurons have been characterized as a major contributor to the cellular pathway by which estradiol regulates the secretion of GnRH.
Kisspeptin as a Mediator of Estradiol Negative Feedback
Kisspeptin is a peptide with potent stimulatory effects on the secretion of gonadotropins in various species, including cattle . The role of kisspeptin in the control of reproductive function was first characterized in studies in which mutations in the gene encoding the kisspeptin receptor (KISS1R) identified in humans were associated with disruption of normal pubertal development (de Roux et al., 2003; Seminara et al., 2003) . A genetic mutation in KISS1R produced in mice leads to a phenotype similar to that in humans and includes immature reproductive organs, low circulating concentrations of gonadotropins, and lack of normal pubertal development (Seminara et al., 2003) . Studies in rats have indicated that kisspeptin can advance the onset of puberty (Navarro et al., 2004b) , at least in part, by increasing the circulating concentrations of LH. The stimulatory actions of kisspeptin on gonadotropin secretion occur primarily through its effects on GnRH secretion. This is supported by the observations that kisspeptin neurons project to GnRH neurons (Smith et al., 2008) , GnRH neurons express the kisspeptin receptor (Smith et al., 2011) , and kisspeptin increases the firing rate of GnRH neurons (Han et al., 2005) . In addition, concentrations of GnRH in the cerebrospinal fluid collected from the third ventricle increase concurrently with elevations of LH after central administration of kisspeptin in ewes (Messager et al., 2005) . The ability of kisspeptin to induced the release of LH in ewes is blocked by pas-sive immunization against GnRH (Arreguin-Arevalo et al., 2007) , indicating the need for GnRH signaling for kisspeptin actions. Stimulation of LH release by direct effects of kisspeptin in the adenohypophysis has been demonstrated (Suzuki et al., 2008) , although the physiological relevance for direct effects of kisspeptin on gonadotropes is unclear.
Kisspeptin neurons in the mammalian brain are distributed in 2 major groups located in the preoptic area (POA)-periventricular (Pev) region and in the arcuate nucleus (ARC). Kisspeptin neurons in these populations express ESR1 (Franceschini et al., 2006) ; thus, they are direct targets for estradiol. Indeed, estradiol regulates KISS1 expression in both populations but appears to do so in a distinct manner. In mice , rats (Navarro et al., 2004a) , and pigs (Tomikawa et al., 2010) , estradiol increases KISS1 mRNA in the POAPeV region. Increased KISS1 mRNA in the POA-PeV region is also observed in ewes during the late-follicular phase, a period during which circulating concentrations of estradiol are expected to be elevated . In contrast, estradiol has been observed to inhibit KISS1 expression in the ARC of mature ewes (Smith et al., 2007) , and estradiol withdrawal in ovariectomized, estradiol-replaced ewes is associated with an increase in the number of kisspeptin-immunoreactive neurons in the ARC (Merkley et al., 2012) .
As discussed previously, GnRH neurons do not contain ESR1, the primary estrogen receptor type mediating the actions of estradiol in the control of gonadotropin release. Therefore, kisspeptin neurons may serve as intermediary effectors of estradiol feedback control of gonadotropin secretion and be involved in the mechanisms through which changes in the sensitivity to estradiol negative feedback occur, permitting pubertal progression. Support for the latter exists in studies in laboratory rodents and sheep. The abundance of KISS1 mRNA in the ARC increases during postnatal development in rats (Desroziers et al., 2012) and the number of immunoreactive kisspeptin neurons in the ARC is greater in postpubertal than in prepubertal ewe lambs (Nestor et al., 2012) . More specifically, the activation of KISS1 expression in the ARC is associated with the degree of maturity of the reproductive neuroendocrine axis. In ovariectomized, estradiol-replaced ewe lambs, the number of KISS1 cells in the ARC increases with an increase in the frequency of LH release (Redmond et al., 2011) . In contrast, the increase in the number of KISS1 cells in the POA-PeV region is associated with age but less with changes in LH pulsatility (Redmond et al., 2011) . These observations indicate that decreased estradiol inhibition of KISS1 expression in the ARC may be critical for the onset of puberty in females. This hypothesis is further supported by the observations that mice carrying conditional ESR1 knockout in kisspeptin neurons exhibit early onset of puberty (Mayer et al., 2010) .
NUTRITIONAL INfLUENCES ON PUBERTY THROUGH METABOLIC SIGNALING PEPTIDES
The role of nutrition in the regulation of the reproductive neuroendocrine axis and control of pubertal development of heifers has been well established. Chronic nutrient restriction delays the onset of puberty by suppressing the release of LH (Day et al., 1986b) . Acute nutrient restriction also suppresses LH secretion in prepubertal heifers (McCann and Hansel, 1986; Amstalden et al., 2000) , an effect that is not observed in mature cows . Although feed restriction can influence gonadotrope function directly , studies in sheep have indicated that the inhibitory effects of undernutrition occur primarily through inhibition of pulsatile release of GnRH (I'Anson et al., 2000) . A decrease in the magnitude of GnRH pulses may also play a role because GnRH pulses of low amplitude are not always associated with concurrent pulses of LH (Gazal et al., 1998; I'Anson et al., 2000) . The exquisite ability of short-term fasting to inhibit LH secretion in prepubertal heifers may be associated with an increased sensitivity to estradiol negative feedback. The inhibition of LH release associated with feed restriction is enhanced in ovariectomized ewe lambs containing estradiol implants compared with those without implants (Foster and Olster, 1985) .
Elevated BW gain during the infantile and juvenile periods influences the timing of the pubertal onset in heifers. In a series of studies in which heifer calves were weaned at approximately 3 to 4 mo of age and fed high-concentrate diets to promote high rates of BW gain, Gasser et al. (2006a,b,c,d) demonstrated that a high proportion of heifers exhibited precocious puberty (defined as puberty by 300 d of age). Although these studies were conducted using heifers of British and Continental breeds, early puberty was also observed in heifers of Bos indicusinfluenced breeds weaned early and fed high-concentrate diets (Garcia et al., 2003) . This effect appears particularly effective when BW gain is enhanced between 4 and 6.5 mo of age (Gasser et al., 2006d; Cardoso et al., 2014) . Although the mechanisms and pathways involved in the nutritional acceleration of puberty are not fully understood, it appears that NPY and POMC neurons are involved ; R. C. Cardoso, B. R. C. Alves, G. L. Williams, and M. Amstalden, Texas A&M University, College Station, personal communication). In addition, change in the sensitivity to estradiol negative feedback is probably involved because attenuation of estradiol inhibition of LH release occurs in heifers growing at high rates and becoming pubertal earlier (Gasser et al., 2006b ). Therefore, metabolic-and gonadal hormone-sensitive pathways in the hypothalamus interact to control the pattern of pulsatile GnRH release during maturation of the reproductive neuroendocrine axis.
Nutritional effects on GnRH secretory activity are believed to be mediated through metabolic signaling molecules that act by altering afferent inputs to GnRH neurons. These include metabolic hormones (e.g., insulin, IGF1, leptin, and ghrelin) and nutritional factors (e.g., glucose, amino acids, and fatty acids) that act in metabolic-sensing hypothalamic neurons (reviewed by Schneider, 2004; Crown et al., 2007) . The leptin-NPY and leptin-POMC pathways will be emphasized in this review because of evidence supporting their relevance in the nutritional control of reproductive function in heifers.
Leptin as a Metabolic Hormone Signaling Nutritional Status for Timing the Onset of Puberty
Leptin is a protein hormone secreted primarily by adipose tissue (Zhang et al., 1994) . The expression of the leptin gene in adipose tissue and concentrations of leptin in circulation increase with increasing adiposity . A major endocrine effect of leptin is to regulate food intake and energy expenditure (Friedman and Halaas, 1998) . Mice carrying mutations in the leptin gene (ob/ob) are obese and exhibit impaired reproductive function (Barash et al., 1996) , and leptin supplementation rescues infertility in ob/ob mice (Chehab et al., 1996) . Although initial studies indicated that exogenous administration of leptin could advance the onset of puberty, subsequent studies with rats (Cheung et al., 2001 ) and heifers (Maciel et al., 2004a; Zieba et al., 2004) showed that leptin alone is insufficient to trigger puberty. Therefore, the current hypothesis is that leptin acts as a permissive factor for pubertal progression in heifers. Short-term fasting reduces leptin expression in adipose tissue and circulating concentrations of leptin concurrent with decreases in LH pulsatility in prepubertal heifers (Amstalden et al., 2000) . Leptin treatment prevents the decrease in the frequency of LH pulses associated with fasting in prepubertal heifers (Maciel et al., 2004b) . Although leptin stimulates basal release of LH from adenohypophyseal tissue explants obtained from fasted cows , the actions of leptin on preventing the fastinginduced inhibition of LH pulsatility is likely mediated primarily at the hypothalamus. The observation that leptin administration in fasted cows increases the magnitude of GnRH pulses and concentrations of GnRH in the cerebrospinal fluid collected from the third ventricle (Zieba et al., 2004 ) supports this premise. Therefore, elevated BW gain facilitates adipose tissue accretion during juvenile development and enhances synthesis and release of leptin. Increased circulating leptin is proposed to signal the central nervous system the availability of sufficient nutritional reserves to support pubertal transition.
The GnRH neuron does not appear to contain the leptin receptor and conditional deletion of the leptin receptor in GnRH neurons does not impair reproductive function in mice (Quennell et al., 2009 ). Therefore, the permissive effect of leptin on the development of highfrequency release of GnRH during pubertal development is probably mediated by interneurons. It is believed that the ARC is a primary area for the actions of leptin in the control of neuroendocrine functions (Satoh et al., 1997) . Recent studies in mice have indicated that the premammillary region of the hypothalamus may also be an important area in which leptin acts to permit pubertal progression (Donato et al., 2011) . However, whether or not the premammillary hypothalamus has a similar function in other mammals, including cattle, remains to be determined. Nevertheless, NPY and POMC neurons in the ARC are major targets for leptin. These cell types contain the leptin receptor and are regulated by leptin (Håkansson et al., 1998) .
Hypothalamic Neurocircuitry Linking Metabolism and Reproduction
Neuropeptide Y/Agouti-Related Protein Pathway. Neurons that express NPY in the ARC co-express neuropeptide Y/agouti-related protein (AGRP; Hahn et al., 1998) and leptin receptor (Håkansson et al., 1998; Iqbal et al., 2001) . Feed restriction increases NPY mRNA (McShane et al., 1992) and NPY immunoreactivity (Chaillou et al., 2002) in the ARC and concentrations of NPY in the cerebrospinal fluid of ewes (McShane et al., 1993) . In cows, third ventricular administration of NPY reduces GnRH and LH secretion (Gazal et al., 1998) . However, pretreatment with leptin does not prevent NPY inhibition of LH release (Garcia et al., 2004) , indicating that the effects of leptin on GnRH and LH secretion occur upstream from NPY receptor activation (Fig. 1) . As discussed previously, GnRH neurons do not appear to be direct targets of leptin. However, GnRH neurons are directly influenced by NPY because NPY receptors have been detected in GnRH neurons (Campbell et al., 2001) , and NPY inhibits GnRH neuronal activity in preparations of mouse brain tissue (Roa and Herbison, 2012) .
Pubertal development has been associated with functional changes in the NPY circuitry. Expression of NPY in the ARC is decreased in peripubertal compared with early juvenile ewe lambs (Tillet et al., 2010) . In contrast, the area covered by NPY fibers was greater in the ARC of peripubertal lambs (Tillet et al., 2010) . The latter may indicate decreased NPY release because peptide accumulation in nerve terminals leads to increased immunoreactivity (Chaillou et al., 2002 ) and enhanced detection of fibers. Maintenance of a high NPY inhibitory tone appears to suppress pubertal development. In female rats, central administration of NPY delays the onset of puberty (Pierroz et al., 1995) , whereas administration of the NPY receptor Y1 antagonist BIBP 3226 increased concentrations of LH during the peripubertal period (Pralong et al., 2000) . Moreover, deletion of NPY Y1 receptor in mice attenuates the delay in the onset of puberty induced by food restriction (Gonzales et al., 2004) . These observations are consistent with the hypothesis that diminished inhibitory tone of NPY is critical for the initiation of high-frequency release of GnRH during pubertal transition.
Agouti-related protein is an endogenous antagonist of the melanocortin receptor (MCR) and acts synergistically with NPY in the control of metabolism by inhibiting the anorexigenic actions of melanocortins. Although not as potent of an orexigenic factor as NPY, the effect of AGRP persists longer (Hagan et al., 2000) . The release of LH in monkeys (Vulliémoz et al., 2005) and the release of GnRH from rat hypothalamic explants (Lebrethon et al., 2007) is inhibited by AGRP. Similarly to NPY, AGRP may also act directly on GnRH neurons because direct actions of MCR agonists have been reported (Roa and Herbison, 2012) .
The Proopiomelanocortin Pathway. The POMC gene encodes a number of peptides derived from the cleavage of the precursor protein. Melanocytestimulating hormone α (αMSH) is one of the products of POMC that has been demonstrated to be important for the control of energy balance (Seeley et al., 2004) . Neurons expressing POMC have also been involved in the control of reproductive function. The MCR agonist melanotan II increases the release of LH in sheep (Backholer et al., 2010) . This effect likely involves direct actions on GnRH neurons because αMSH, as well as the MCR3 and MCR4 agonists, stimulate firing activity in GnRH neurons (Roa and Herbison, 2012) . Neurons expressing POMC in the ARC are considered, along with NPY, a primary neuronal population that mediates leptin actions in the hypothalamus. Leptin receptors are present in POMC neurons (Iqbal et al., 2001 ) and leptin stimulates the expression of POMC in the ARC (Backholer et al., 2010) . Therefore, by inhibiting NPY and stimulating POMC expression, leptin influences the αMSH and NPY pathways in a manner that is consistent with balancing nutrient uptake and utilization and the metabolic control of reproductive neuroendocrine function.
Limited information is available regarding the involvement of αMSH in the process of pubertal development. Nevertheless, it appears that increased αMSH stimulation of GnRH release during the peripubertal period is important for the onset of puberty. In prepubertal female rats, αMSH injected centrally on d 28 advances vaginal opening by 2 d compared with saline-treated rats (Durando et al., 1989) . Administration of αMSH is also associated with increased circulating concentrations of LH and stimulation of GnRH release from hypothalamic explants collected from 25-d-old but not younger rats (Durando et al., 1989) . Therefore, the juvenile development in the ability to respond to αMSH appears to also be a functional change that occurs during pubertal transition.
The Kisspeptin Pathway. Kisspeptin neurons are sensitive to changes in nutritional status. Acute feed restriction inhibits KISS1 expression and enhances KISS1R mRNA in the hypothalamus of prepubertal rats, and central administration of kisspeptin prevents the fasting-mediated decrease in mean concentrations of LH (Castellano et al., 2005) . The inhibitory effect of nutrient restriction on KISS1 expression may be mediated by the decrease in leptin signaling. Leptin increases KISS1 mRNA in leptin-signaling deficient mice (Smith et al., 2006) and rats (Castellano et al., 2006) . Moreover, central administration of leptin for 3 d in lean ovariectomized ewes increased KISS1 mRNA in both POA and ARC (Backholer et al., 2010) . Although it is clear that kisspeptin neurons are sensitive to metabolic status, the relevance of the kisspeptin pathway for mediating leptin's control of reproduction remains to be resolved. Leptin receptor is found in a subpopulation of kisspeptin neurons (Smith et al., 2006; Backholer et al., 2010) , but Quennell et al. (2011) demonstrated that kisspeptin neurons are not activated by exogenous leptin. In addition, Donato et al. (2011) reported that deletion of leptin receptor in kisspeptin neurons does not impair fertility in mice.
As discussed previously in this review, kisspeptin is considered to be a major secretagogue of GnRH. Similarly to αMSH, there is a developmental change in the ability of kisspeptin to stimulate GnRH and LH secretion (Navarro et al., 2004b; Han et al., 2005) . However, this change does not appear to involve regulation of KISS1R in GnRH neurons during maturation of the reproductive neuroendocrine axis (Han et al., 2005) . Additional observations in support of the involvement of kisspeptin circuitry in timing the onset of puberty include increased expression of KISS1 during reproductive maturation (Takase et al., 2009; Redmond et al., 2011) and an increased number of kisspeptin projections in close proximity to GnRH neurons in postpubertal compared with prepubertal ewe lambs (Nestor et al., 2012) .
Interactive Roles of Neuropeptide Y, Proopiomelanocortin, and Kisspeptin Pathways for Timing the Onset of Puberty
Studies investigating the neuronal pathways involved in the pubertal activation of pulsatile release of LH have supported the involvement of NPY, POMC, and kisspeptin neurons in this process. In addition, an intricate interaction of signals within these circuitries appears highly relevant for controlling the GnRH secretory output required for the onset of puberty. Functional and structural changes in these neurons, as well as in other neuronal and nonneuronal cells directly connected in these pathways, may be critical for the physiological events underlying pubertal development. Because reciprocal projections among NPY, POMC, and kisspeptin neurons are observed, it is possible that interactions among these cell types occur and are important for an integrative response to the nutritional and gonadal steroid control of pubertal development. Neuropeptide Y and POMC neuronal projections are observed in close proximity to kisspeptin neurons in the ARC and POA of sheep (Backholer et al., 2010) , and NPY appositions appear to form synaptic inputs with kisspeptin neurons in ewes . Kisspeptin projections are also observed in close proximity to NPY and POMC neurons in the ARC (Backholer et al., 2010) . The evidence for structural integration within these neuronal networks is supported by observations that kisspeptin injected into the third cerebroventricle of ewes enhances NPY and inhibits POMC mRNA abundance in the ARC (Backholer et al., 2010) . Although these results are not aligned with the stimulatory effects of kisspeptin on the reproductive axis, they indicate a complex interaction with gonadal steroid hormones because these results were obtained in ovariectomized ewes without estradiol replacement. In intact male and female mice, kisspeptin has been observed to increase excitation of POMC neurons and inhibit depolarization in NPY neurons (Fu and van den Pol, 2010) , which would be consistent with a net stimulation of GnRH neuronal activity. In addition, the MCR agonist melanotan II stimulates KISS1 expression in the POA and inhibits KISS1 expression in the ARC in luteal phase ewes (Backholer et al., 2009 ). Such observations reinforce the complexity of these neuronal networks and the relevance of the specific neuronal population that is influenced by them.
Nutritional Programming of Hypothalamic Pathways Controlling the Onset of Puberty
Cells in the NPY, POMC, and kisspeptin neuronal networks are highly sensitive to changes in nutritional status and regulatory actions of metabolic hormones such as leptin. Although these cells differentiate in the hypothalamus early during fetal development (Aujla et al., 2013) , their projections and connections are expanded considerably during the postnatal period (Coupé et al., 2010) . The establishment of hypothalamic innervations during the infantile period appears to be regulated by leptin. The infantile increase in circulating concentrations of leptin (Coupé et al., 2010; Long et al., 2011) may play a role in programming the circuitry involved in the control of neuroendocrine functions (reviewed by Bouret, 2010) . In sheep, the postnatal elevation in circulating leptin is associated with nutritional status of the dam during gestation (Long et al., 2011) and postnatal nutrition of the offspring (Ehrhardt et al., 2003) .
To better understand the role of these pathways in the nutritional control of pubertal development, we have conducted various studies using a nutritional model that has been demonstrated to markedly advance puberty in heifers (Gasser et al., 2006a,b,c,d) . In this experimental model, heifers are weaned at approximately 3.5 mo of age and fed under controlled conditions to promote low (i.e., 0.45 to 0.5 kg/d) or high (i.e., 0.9 to 1.0 kg/d) rates of BW gain. The latter nutritional regimen consistently elevates circulating concentrations of leptin in high-gain heifers Allen et al., 2012; Cardoso et al., 2014) . In heifers in which brain tissue was collected at 6.5 mo of age, an intricate differential regulation in the expression of a number of genes in the ARC was observed and included a decrease in NPY mRNA (Fig. 2) and an increase in POMC mRNA in high-gain heifers (Allen et al., 2012) . In addition, differential regulation of genes involved in the control of metabolism, neuronal remodeling, axonal growth, synapse vesicle transport, and synaptic transmission were also observed. In subsequent studies, changes in the expression of NPY and POMC genes were confirmed. Moreover, we observed a decrease in NPY innervation of GnRH neurons, particularly those located in the mediobasal hypothalamus , and an increase in αMSH innervation of kisspeptin neurons (R. C. Cardoso, B. R. C. Alves, G. L. Williams, and M. Amstalden, Texas A&M University, College Station, personal communication) in heifers that were fed to gain BW at high rates. These observations are consistent with a net increase in excitatory tone of GnRH neurons (Fig. 3) . Importantly, the structural and functional alterations in the NPY-POMC-kisspeptin pathways appeared to be established beginning a few to several months before puberty was expected. Therefore, these changes may be an integral component of the physiological mechanisms by which elevated BW gain and increased adiposity facilitates early onset of puberty in heifers.
NOvEL NUTRITIONAL STRATEGIES fOR PROGRAMMING THE ONSET Of PUBERTY IN HEIfERS
As noted previously, lifetime productivity of beef heifers is heavily dependent on their ability to calve early (Lesmeister et al., 1973) . However, a significant proportion of beef heifers within existing U.S. production systems fail to reach the developmental end points necessary to achieve this objective (Patterson et al., 2005) . This is particularly relevant for later-maturing breeds in which the skeletal size required to support a healthy and safe pregnancy is frequently attained well before puberty. Modifications in dietary energy status, both pre-and postweaning, have major impacts on this process. Feeding high-energy diets to promote a continuous high rate of gain after weaning is an option that can help assure the timely onset of puberty (Clanton et al., 1983; Lynch et al., 1997 ). Yet a relatively small percent- Adapted from Allen et al. (2012) . *P < 0.1; **P < 0.001. age of cattlemen nutritionally preprogram their heifers as herd replacements (NAHMS, 1994) . The cost associated with intensive nutritional management is one of the main factors limiting its adoption. Another major caveat is that uncontrolled, high rates of gain can result in excessive fattening, impair mammary development, and affect long-term productivity (Park et al., 1987) . Thus, reproductive benefits derived from such strategies may be offset by deficits in lifetime efficiency.
The period between 4 and 7 mo of age appears critical for the nutritional programming of accelerated puberty in heifers and a high proportion of heifers fed high-concentrate diets during this period exhibits precocious puberty (Gasser et al., 2006a,b,c,d ). Although extremely useful as a model to examine the physiological and cellular mechanisms underlying the process of pubertal development, precocious puberty is not a desirable phenomenon because of the increased risks associated with ill-timed pregnancies in young heifers that can compromise fetal and maternal health. With the intent of optimizing the timing of onset of puberty consistently to approximately 11 to 12 mo of age, we have examined nutritional approaches designed to promote increased growth during target periods of development. A stairstep nutritional regimen reported earlier by Park et al. (1987 Park et al. ( , 1998 emphasized alternating energy restriction and refeeding phases to potentiate compensatory weight gain and to modulate mammary gland development and productive capacity in dairy and beef heifers. We used a modified version of this approach to promote accelerated growth and adipose tissue accretion between 4 and 6.5 mo of age (early juvenile) or between 6.5 and 9 mo of age (mid juvenile; Cardoso et al., 2014) . The objective was to promote biochemical and structural alterations in the hypothalamus that would sensitize the neuroendocrine system to signals of energy sufficiency for timed puberty. The period of accelerated BW gain (ad libitum consumption of a high-concentrate diet) was followed by a period of partial nutrient restriction to minimize the risks of excessive fattening and impaired mammary gland development and a second period of accelerated growth (Fig. 4) . In this study, we observed that the majority of heifers that are fed ad libitum a high-concentrate diet beginning at 4.5 mo of age become pubertal by approximately 12 mo of age ( Fig. 4; early juvenile) . This was similar to heifers that are fed high concentrate figure 3. Illustration depicting a model for the involvement of neuropeptide Y (NPY), proopiomelanocortin (POMC), and kisspeptin (Kiss) neuronal pathways and their regulation of GnRH secretion during pubertal transition. Signals of nutrient sufficiency (e.g., leptin) are perceived by metabolic-sensing cells in the arcuate nucleus (e.g., NPY and POMC neurons) and transmitted to GnRH neurons through interactive pathways involving estradiol-sensitive cells (e.g., kisspeptin neurons). Increased BW gain during the juvenile period promotes differential gene expression and remodeling of neuronal projections that lead to decreased inhibitory (NPY) and enhanced excitatory (POMC and Kiss) afferents to the GnRH neurons. These functional and structural alterations, which include changes in synthesis of neuropeptides (illustrated by thickness of projections) and innervation of target neurons (proximity of projections), facilitate the acceleration in the frequency of episodic release of LH from the adenohypophysis (AP) and advance the onset of puberty. OC = optic chiasm. diets throughout the experimental period. In contrast, a considerably smaller proportion of heifers that were fed ad libitum beginning at 6.5 mo of age ( Fig. 4 ; mid juvenile) became pubertal by 12 mo of age. However, by 14 mo of age, the proportion of heifers pubertal in this latter group did not differ from heifers gaining BW at high rates throughout the experimental period. These results indicate that timing of onset of puberty can be nutritionally programmed by promoting elevated BW gain during target periods of juvenile development. We believe that such strategy can optimize growth and reproductive maturation in the majority of replacement heifers and minimize the risks of high incidence of precocious puberty and ill-timed pregnancies.
SUMMARY AND CONCLUSIONS
Increased rates of BW gain during the juvenile period in heifers lead to differential expression of genes in the ARC, a major metabolic-sensing area of the hypothalamus. These genes are involved in cellular functions controlling cell-cell signaling, cellular structure, and responses to hormones and metabolites. Recent research supports a role for the NPY, POMC, and kisspeptin neuronal pathways in integrating signals that mediate the nutritional programming of puberty. Functional alterations in these pathways include decreased innervation of GnRH by NPY and increased innervation of kisspeptin neurons by αMSH. These alterations are consistent with the hypothesis that increased growth during the juvenile period leads to decreased inhibition and enhanced excitation of GnRH neurons and facilitates the early increase in GnRH pulsatility required for maturation of the reproductive neuroendocrine axis. Improving existing strategies and developing novel approaches to optimize growth during targeted periods of infantile and juvenile development may be useful practices to program puberty at a time compatible with maximal lifetime productivity. LITERATURE CITED figure 4. Model for a stair-step nutritional regimen applied to heifers during targeted periods of juvenile development to optimize growth and promote genomic, biochemical, and structural alterations in the hypothalamus that are permissive for early onset of puberty. Elevated BW gain during earlyand mid-juvenile periods programs neuroendocrine functions and accelerates pubertal development in heifers. Heifers that are fed ad libitum a high-concentrate diet beginning at 4 mo of age (Early juvenile) become pubertal at a similar time as heifers gaining BW at high rates (High gain) throughout the prepubertal period, even though feed restriction is applied during the midjuvenile period. The majority of heifers that are restricted during the early juvenile period but fed ad libitum between 6.5 and 9 mo of age (Mid juvenile) become pubertal by 14 mo of age, whereas only a small proportion of heifers gaining BW at low rates (Low gain) become pubertal by 14 mo of age. Adapted from Cardoso et al. (2014) .
